There has been increasing focus on the use of Kelvin probe force microscopy (KPFM) for the determination of local electronic structure in recent years, especially in systems where other methods, such as scanning tunnelling microscopy/spectroscopy, may be intractable. We have examined three methods for determining the local apparent contact potential difference (CPD): frequency modulation KPFM (FM-KPFM), amplitude modulation KPFM (AM-KPFM), and frequency shift-bias spectroscopy, on a test system of 3,4,9,10-perylene tetracarboxylic dianhydride (PTCDA) on NaCl, an example of an organic semiconductor on a bulk insulating substrate. We will discuss the influence of the bias modulation on the apparent CPD measurement by FM-KPFM compared to the DC-bias spectroscopy method, and provide a comparison of AM-KPFM, AM-slope detection KPFM and FM-KPFM imaging resolution and accuracy. We will also discuss the distance dependence of the CPD as measured by FM-KPFM for both the PTCDA organic deposit and the NaCl substrate.
Introduction
Kelvin probe force microscopy (KPFM) [1] is increasingly emerging as a key technique for the measurement of local electrostatic properties, particularly for heterogeneous systems which are structured on the nanoscale. KPFM has been shown to be useful for the characterization of work function modification by ultra-thin films [2, 3] , potentiometry [4] , determination of carrier mobilities in operating organic device structures [5] , and the measurement of surface photovoltage of both inorganic structures [6, 7] and model dye-sensitized solar cell materials [8, 9] . In many cases, a connection between the measured electrostatic properties can be correlated with local structure through topographic information obtained at the same time [2, 6, 10, 11] , and in some cases, the properties of single molecules can be measured, such as local surface dipole and photoinduced charge transfer [9] . The ability to apply KPFM techniques to non-conducting materials and soft organic materials which may be otherwise difficult to address experimentally has made its use in organic electronics increasingly attractive.
However, for polarizable structures, as are many highly conjugated organic materials [12] , an induced dipole may result from the tip-sample bias which may alter the measured apparent contact potential difference (CPD) or surface potential (SP). Thus, the influence of the modulated electric field as well as the uncompensated forces arising from the application of an oscillating bias [13] may need to be taken into consideration for many of the systems of interest to organic electronics. Often it is suggested that amplitude modulation KPFM (AM-KPFM) be used to reduce the modulation bias by exploiting the enhanced response at the second flexural resonance of the cantilever; however, there is a decrease in resolution, and measurements of nanostructures may not be quantitatively accurate when compared to those from frequency modulation KPFM (FM-KPFM) [13] .
We have investigated the influence of the bias oscillation amplitude and frequency over a range of reasonable, accessible parameters on FM-KPFM CPD measurements on the model organic semiconductor 3,4,9,10-perylene tetracarboxylic dianhydride (PTCDA) on the insulating surface NaCl, by comparison to the DC CPD measurement made by frequency shift-bias (dfV) spectroscopy. We also compare the resolution and quantitative contrast of FM-KPFM well below the cantilever resonance and AM-KPFM on and near the second flexural mode of the cantilever. The use of AM-KPFM at a frequency just below the second resonance exhibits improved resolution over both other methods and quantitative contrast, though over a narrow range of parameters. Lastly we examine the distance/interaction dependence of the apparent CPD measured by FM-KPFM and find a strong contrast change upon stronger interaction with the sample.
Background
The electrostatic force, F el , between the tip and the sample can be shown to have a parabolic dependence on the total potential between the tip and the sample, U [13] :
where C is the tip-sample capacitance and the approximation for a sphere of radius R opposite a plane at a separation z is given. For a DC bias, such as applied during dfV spectroscopy, not including any influence of a polarizable medium, U = U bias − φ/e, where U bias is the tip-sample bias and φ is the difference in tip and sample work functions, and the force becomes
such that a frequency shift versus bias measurement will result in a parabola centred at the CPD ( φ/e, the difference in work functions between the tip and the sample). However, the addition of a polarizable medium adds a charge induced dipole barrier term to the potential, U = U DC − φ/e − pol /e, changing the position of the minimum and the dependence of the force on the bias [12] :
where α is the polarizability of the material, f h is a form factor containing the tip-sample geometry derived from the distribution of charges q i in the tip at distances r i j from the j th induced dipole in the sample, and z is the tip-sample separation. A proportionality constant, γ , is used for the following analysis, assuming constant height and geometry for a given measurement. This has the result of shifting the minimum away from the true CPD, as would a static dipole, according to
taking terms to first order in γ , which reduces to the CPD if the polarization term is negligibly small. The polarization term also results in an electrostatic force with a quartic dependence on the applied bias, which gives a tell-tale appearance of 'flattening out' and asymmetry of the expected parabolic dependence. This asymmetry of the frequency shift ( f ) versus bias curve could be used as a method for obtaining information regarding electronic polarizability (see the appendix for example curves and equations). Following the analysis of Zerweck et al [13] , the addition of an oscillating bias results in the replacement of the above applied tip-sample biases with U bias = U DC + U mod cos(2π f mod t). When no polarizable medium is present, this gives
and at the minimum force at f mod , U DC = φ/e, there are static and 2 f mod uncompensated forces:
Inclusion of the polarizability effects given in (3) in the AC measurement results in an additional offset to the apparent CPD:
with terms which are dependent on the bias modulation and polarizability. Thus there will be a difference in the apparent CPD or SP measured by KPFM when compared with dfV spectroscopy on polarizable structures due to the influence of the bias modulation. The modulated bias also gives rise to additional uncompensated forces at 2 f mod , 3 f mod and 4 f mod as well as static forces (given in the appendix). These uncompensated electrostatic forces may also play a role in the resulting KPFM measurement.
Experimental methods
A commercial JEOL JSPM 4500a ultrahigh vacuum (UHV) atomic force microscope (AFM) was used for the experiments described. Distance control was performed in standard 'noncontact' (nc) or frequency modulation AFM mode, using a phase-locked loop (NanoSurf EasyPLL) to measure the change in frequency of the oscillating cantilever due to the tip-surface interaction, which was then maintained constant by varying the z-piezo position (constant f topography). Excitation was controlled by a self-excitation loop (NanoSurf Sensor Controller) with constant amplitude feedback.
In the FM-KPFM mode, an oscillating bias is added to a DC offset which generates a response of the frequency shift at the bias modulation frequency ( f mod ). This response at f mod is measured by a lock-in amplifier (Princeton Applied Research, 5110 Lock-in amplifier) and an additional feedback circuit (JEOL SKPM control module) is employed to adjust the DC-bias offset in order to null the electrostatic force, i.e. the DC bias is adjusted to match the SP/CPD as indicated in equation (5) (see figure 1 top panel). In this way the DC bias can be recorded to generate a map of the SP/CPD of a heterogeneous sample. Typical parameters used for this system were f mod = 1 kHz, U mod = 1−1.5V rms , τ = 3-10 ms, V sens = 20 mV (corresponding to a f sensitivity of 0.37 Hz), with a scan speed of 6.67 ms/point. For all KPFM measurements (FM and AM), the phase for the lock-in detection was adjusted to maximize the lock-in output, and this phase setting was readjusted whenever the parameters ( f mod , U mod ) were changed or periodically during acquisition of long sequences of measurements. The cantilevers (Nanosensors NCLR) used for the majority of FM-KPFM and dfV spectroscopy results shown typically have a resonance frequency of ∼170 kHz, spring constant of ∼36 N m −1 , tip radii of <7 nm, and measured Q-factor in UHV of ∼10 000, and oscillation amplitudes of 6-7 nm were used.
To perform long time integration measurements of the CPD over different sites, rather than imaging, a National Instruments Digital Acquisition system (PCI-6036E) was used to collect the KPFM feedback output (CPD). These time traces were acquired over a time of 25 s with both distance regulation feedback on and FM-KPFM feedback on at a standard imaging set-point ( f −5 Hz) and typical parameters for FM-KPFM imaging as described above, except those being varied to examine their influence on the measurement. The measured values were then averaged to determine the CPD at each location and for each experimental parameter tested.
The same National Instruments Digital Acquisition system was used for acquiring multichannel frequency shift-distance spectroscopy by utilizing the external piezo input feature in the JEOL WinSPM controller and software to control the zpiezo position and record the frequency shift, amplitude or dissipation, and effective CPD measured by FM-KPFM. The majority of the frequency shift-distance curves were obtained with dissipation recorded and used as a trigger to stop at an interaction which was small enough to prevent damage to either the NaCl surface, the PTCDA islands, or the tip. The recording of all three channels simultaneously allows a comparison of frequency shifts and/or forces with measured CPD values, as well as the CPD as a function of tip-sample separation. Frequency shift to force conversion was performed on the full frequency shift versus distance curves using the method of Sader and Jarvis [14] .
In the AM-KPFM mode, the amplitude of the response to the electrostatic force induced by the oscillating bias is In FM-KPFM the phase-locked loop (PLL) is used to demodulate the frequency shift response to the bias modulation and the KP feedback is used to minimize this response to find the CPD. In AM-KPFM the amplitude response of the cantilever is measured and minimized to find the CPD. measured by lock-in techniques and similarly used to null the electrostatic force. Often, the oscillating bias is set to match the second flexural mode ( f 1 ) of the cantilever to achieve a larger amplitude response, such that smaller bias oscillations can be used. In order to perform AM-KPFM measurements at the second mode, a lower resonance cantilever (Olympus AC240, typical f 0 70 kHz, k 2 N m −1 ) was used such that the second resonance (found at 398 325 Hz, Q ∼ 2500) was within the bandwidth of the photodiode and detector electronics. An oscillating bias plus DC offset was applied between the tip and the sample at or near the second resonance and the amplitude of the cantilever response at this frequency (i.e. the response to the electrostatic drive) was measured by a NanoSurf PLL plus used in lock-in mode and was also used to output the bias oscillation (see figure 1 bottom panel) . The JEOL SKPM control module was used in the same way as for FM-KPFM to add a DC offset to the bias modulation which was adjusted to minimize the response to the bias modulation.
Samples were prepared in situ. The single-crystal NaCl substrate was cleaved along the (001) plane and annealed at ∼150
• C for 1 h, and imaged by nc-AFM to confirm the quality of the surface. A thickness of 1 ML of PTCDA was then deposited by thermal evaporation at 300
• C onto the room temperature substrate (the details and growth are described elsewhere [15] ). The resulting deposit formed multilayer islands of PTCDA, as seen in figures 2(e) and 3. 
Results and discussion

FM-KPFM versus f -bias spectroscopy
In order to investigate the influence of the bias modulation on the apparent CPD measurement, measurements were performed over NaCl and PTCDA with dfV spectroscopy and in FM-KPFM mode with different parameters for the bias oscillation.
On NaCl, for all values of the bias modulation frequency and amplitude, the measured value of the effective CPD corresponds well with the value measured by dfV spectroscopy (see figures 2(a), (b) blue squares), indicating that polarization effects and the additional uncompensated electrostatic forces do not influence the FM-KPFM measurement over this range, and for the relatively small frequency shift set-point (large tip-sample separation) used. The dfV spectroscopy curves (example shown in figure 2(c) ) fit well to the expected parabolic form when charge-induced polarization does not play a significant role.
CPD measurements obtained in the FM-KPFM mode over PTCDA do not appear to exhibit a consistent frequency or amplitude dependence; however, there is a shift from the average value obtained from a series of dfV measurements (see figures 2(a) and (b) red diamonds). This indicates that the polarization of the organic crystal influences the measured CPD when a bias modulation is applied, consistent with equation (7) . However, it should be noted that the direction of contrast remains consistent for both measurement methods, at least for this case, such that FM-KPFM could be used for material contrast, especially if quantitative values are not required or accessible for other reasons, e.g. in the case of insulators where an unknown capacitance of the tipsample geometry influences the measured SP/CPD [16, 17] . If quantitative measurements are required, a careful comparison of results obtained by both the DC measurement (dfV) and KPFM over a polarizable molecular crystal such as PTCDA should be made to ensure that the apparent minima are not influenced by polarization effects or uncompensated electrostatic forces.
It should also be noted that for a few dfV measurements the curve shape appears somewhat flattened near the minimum and a slight asymmetry is introduced, indicating the aforementioned quartic and cubic terms arising from chargeinduced polarization of the measured material. The curve shown in figure 2(d) is one such example and the fitted curve shown (white dashed line) is a fourth-order polynomial and represents a significantly better fit (see the asymmetry in residuals included at the bottom of figure 2(d)) to the data than a parabola fit to a region near the minimum (as was used to find the CPD for all asymmetric dfV curves). This again indicates an influence of the polarization of the organic material due to the tip-sample electric field, though the reason for the appearance of this character in some instances and not others is unclear, and may be related to the tip state.
AM-KPFM mode versus FM-KPFM mode
The AM-KPFM technique offers a method to reduce the bias oscillation amplitude by applying the bias modulation at the second resonance of the cantilever to increase the amplitude of response to the applied electrostatic force. However, as has been discussed previously [13] , the spatial resolution of AM-KPFM suffers as a result of the sensitivity to force rather than force gradient as measured in FM-KPFM. This can become problematic for the measurement of nanostructures as the size of the object may be less than the area where a quantitative measurement of the CPD or SP can be made.
AM-KPFM measurements were performed to test the resolution and measured contrast, and compared with FM-KPFM measurements of the same region. As can been seen in the top right panel of figure 3 , the resolution of the AM-KPFM signal at the second flexural mode is quite poor compared to the FM-KPFM measurement at the bottom right. As a result of averaging with the surrounding substrate despite the relatively large size of the PTCDA molecular islands, the contrast in the AM-KPFM image does not correspond to the same CPD difference between PTCDA and NaCl as measured in FM-KPFM, and small islands are barely visible.
However, the CPD image taken by AM-KPFM with near resonant excitation ( f mod = f 1 − 100 Hz) (figure 3 middle panel) produces CPD contrast which is comparable to that measured by FM-KPFM, and remarkably sharp contrast showing features which are barely visible even in the FM-KPFM measurement. In particular, the small hillocks, 5-10 nm across, visible in the topography show strongly in this image (bright spots) whereas they are only slightly visible in the FM-KPFM image and not at all in the AM-KPFM image taken with on-resonance excitation.
This enhanced resolution in AM-KPFM with a near resonance excitation may be due to the parametric effect discussed in [18, 19] . As the electrostatic interaction becomes large, the electrostatic force gradient term, which is usually neglected in AM-KPFM, begins to play a dominant role in the resulting amplitude response. In fact, in this operating regime, the excited oscillation amplitude is more sensitive to the force gradient than the force itself, which leads to higher resolution. Although this operation mode is very attractive, further investigation is required to establish an experimental protocol to find an appropriate parameter set because of the inherent instability in the parametric amplification regime [19] .
It should also be noted that the absolute value of the measured CPD may change (i.e. there is an overall offset of the KPFM measurement) due to changes in the tip, an example of which can be observed as a bright band in the FM-KPFM image shown in figure 3 . However, as both materials are measured against the tip, assuming no tip changes at the edges of structures, the contrast should not change significantly, as is observed in our experiments for the same cantilever in the same region of the insulating sample.
Distance dependence of apparent CPD
Frequency shift versus distance measurements were performed over NaCl sites and on PTCDA islands while simultaneously acquiring the apparent CPD measured by the FM-KPFM feedback. Although the apparent CPD over PTCDA islands does not appear to vary over short distances (see figure 4) , there is a slight tendency, over distances of up to 20 nm (not shown), towards the −1/z 2 dependence expected for polarizable structures from equation (3) . However, the distinction between this and other possible functional forms is unclear due to the noise and the limited distance range of the measurements.
In contrast, however, the NaCl substrate shows a marked alteration of the apparent CPD at close approach to the surface (see figure 4) . In the range of interaction typically used for topographic and/or KPFM imaging for these samples, the contrast between NaCl and PTCDA is a maximum and is consistent with the contrast at large tip-sample separations. However, at f ∼ −10 Hz (∼0.15 nN) the apparent CPD is reduced sharply (see figure 4(b) ), beginning to level off after ∼−20 Hz, (∼0.30 nN) . The retract cycle exhibits a degree of hysteresis, whereby the CPD remains at the reduced value until the tip has been retracted further, remaining for ∼100 ms. Both the steep change in apparent CPD and the observation of hysteresis between the approach and retract cycles of the tip were observed in all f /CPD-distance curves acquired over the appropriate force range. While the functional form of the CPD-distance curves appears similar to that calculated from the Madelung potential at an ionic crystal surface by Bocquet et al [16] , the direction of the change in CPD at close approach does not vary from site to site as would be expected in that 2 dependence is shown as a guide in (a)), whereas the CPD measured over NaCl (blue) exhibits a significant change with strong interaction (forces calculated using Sader's method [14] are shown for three key points) with the tip including hysteresis between the approach (dark) and retraction (light). The range of typical f values used for imaging is shown in (b) by the grey box which is a region of large contrast; dotted lines represent smoothed data as a guide to the eye. Note that the absolute z-distance is somewhat arbitrary as sample damage occurs before a reduction in amplitude can be measured.
case. As the direction of the change always tends toward zero CPD, we believe that a somewhat different mechanism is responsible.
One possible mechanism for the observed change in apparent CPD could be a physical deformation of the ionic surface upon strong tip-sample interaction. If a surface dipole were induced by the tip due to physical deformation of the surface ions, this would act in the same manner as the electronic-induced dipole described above, shifting the apparent CPD. However, the relaxation of the physical deformation should occur more slowly than an electronic polarization, giving the observed hysteresis in apparent CPD. It is also possible that tunnelling into a localized region under the tip results in a local charge. This would similarly shift the CPD, and as charges would be expected to dissipated slowly on the NaCl surface a hysteresis would also be observed in this case. With the current data there is no clear way to distinguish between these mechanisms.
While the NaCl substrate does not show evidence of tipinduced electronic polarization at large tip-sample distances (e.g. typical imaging parameters), it seems that for PTCDA islands the tip is never sufficiently far away to have no influence on the polarizable molecules. This should be taken into consideration when measuring organic nanostructures. Another interesting consequence of the distance dependent behaviour of the apparent CPD in both cases, however, is that the observed contrast between two materials may depend on the distance, and could become zero or invert in contrast. This raises the question of determining where the 'true' CPD contrast lies in complex systems. To better answer this question we must better understand what the minimum in electrostatic force represents, and for which measurement parameters those interpretations are valid.
Summary
We have shown evidence of, and described the influence of, tip-induced polarization in apparent CPD measurements by DC means (dfV spectroscopy) and AC means (KPFM) on an organic semiconductor. The offset appearing between dfV spectroscopy measurements and FM-KPFM measurements on PTCDA, which is not present for NaCl, is one indication of such an effect which shows that care must be taken to include the full influence of the bias modulation when considering quantitative KPFM measurements. Indications of tip-induced polarization of PTCDA also appeared both as a 'flattening' (∝U 4 bias ) of the anticipated dfV curves and as a weak distance dependence consistent with the expected −1/z 2 behaviour for a polarizable material. While the NaCl substrate did not show indications of polarization, and effective CPD results acquired by dfV spectroscopy and FM-KPFM are consistent, a dramatic dependence and slow relaxation (∼100 ms) of the apparent CPD is observed at close approach of the tip. This differing behaviour may be explained by a physical deformation of the NaCl surface upon application of larger forces or possibly localized charging via tunnelling at close approach, in contrast to the expected electronic polarization of the PTCDA organic semiconductor.
While KPFM is, and will continue to be, an important tool for the investigation of organic materials, especially in device geometries where insulating regions limit the applicability of other methods, there remain challenges for the interpretation of KPFM results. Here, we have shown that tip-induced polarization effects play a role in the resulting effective CPD measurement of a prototypical organic semiconductor, and additional effects due to residual electrostatic forces remain unresolved. AM-KPFM may offer an improvement over FM-KPFM in this regard by permitting the application of smaller bias modulation voltages, and with an appropriate selection of imaging parameters may offer equivalent or superior resolution to FM-KPFM. e 2γ (9) the latter being a maximum, and the + √ · · · term being positioned far from the CPD in voltage when the polarization effects are small. The − √ · · · term lies close to the CPD. As the polarization strength, represented by γ , increases, the minimum near the CPD shifts slightly, and when the polarization effects begin to dominate, the additional extrema move inward towards the root fixed near the CPD (see figure A.1 for example curves). In a narrow bias window around the CPD this would give the effect of a slight offset of the minimum (∼10% for the values plotted) and a distortion of the curve, particularly a notable asymmetry of the expected parabola. This asymmetry, a result of the increasing tipinduced polarization, could in principle be used to extract information regarding polarizability.
The AC case with polarization gives similar results, with one root lying near the CPD. Taking this root, given in (7), the uncompensated forces resulting from the minimization at f mod by KPFM gives the following terms: static, Influence of increasing polarization strength on force-bias relation. The minimum near the CPD shifts slightly, while the maximum and other minimum move closer to this root with increasing polarization effects. For a narrow range about the minimum this manifests primarily as a small shift and increasing asymmetry of the expected parabola.
